Dynamic mechanical analysis (DMA) of β-phase aged single-crystal Cu-Al-Ni alloys was conducted to investigate the changes in the internal friction (IF) through the thermoelastic martensitic transformation temperature regime. Two alloys of different compositions, one in the martensitic and the other in the austenitic state at room temperature, were examined. Ageing of the alloys at three different temperatures, T a (473, 523 and 573 K), shows an increase in the transformation temperatures due to the successive martensitic transition (β 1 → γ 1 ) and γ 2 precipitate formation. Correspondingly, a progressive reduction in the IF peak in the transition regime with increase in the ageing temperature was observed in both the alloys. Formation of precipitates, which hinder the mobility of the martensite variant and parent/martensite interfaces, and an increase in their volume fraction with ageing are causes for the observed IF reduction.
Introduction
The functional properties of shape memory alloys (SMAs) are largely related to the thermoelastic martensitic transformation, which generally occurs in the temperature range from 173-473 K depending on the alloy composition, and are significantly affected by the mobile nature of the interfaces (twin boundaries, martensitic variants, parent/martensite phase boundaries). The same feature also leads to relatively high internal friction (vis-à-vis conventional metallic alloys) and makes the SMAs potential candidates for various damping applications [1] .
The origins of the high damping capacity of the thermoelastic martensite are well understood [1, 2] . The transient, intrinsic and phase transition components contribute to an overall peak in the IF of SMAs, i.e. IF tot = IF tr + IF int + IF pt [3, 4] .
The Cu-Al-Ni alloys exhibit good damping properties due to their unique martensitic transition characteristics [5] . Their high IF, especially during transformation and in the martensitic 1 Author to whom any correspondence should be addressed. state, is strongly related to the mobility of the parent/martensite and martensite/martensite interfaces, respectively [1, 5] . The structural defects inherent to the martensite phase (vacancies, dislocations, grain boundaries and precipitates) and their distribution and concentration control the global IF spectrum of these alloys [6] .
The Cu-Al-Ni alloys are susceptible to ageing that results in precipitate formation and successive martensitic transitions from β 1 to γ 1 [7, 8] . Hence, their damping properties are also likely to change substantially with ageing [6] . A good understanding of the damping property variation with ageing treatments can also be utilized to design tailor-made materials for specific applications. However, only a limited number of studies have been performed on the damping properties of aged martensitic alloy [5, 6] and no reports are available in the open literature on aged austenitic alloy. The purpose of the present work is to examine the effect of post-quench ageing in the β-phase on the IF and the modulus (E) of two Cu-Al-Ni alloys. For this purpose, the IF variations in alloys that are systematically aged at three different temperatures corresponding to the three stages of ageing [9] were investigated and are reported in this paper.
Materials and experiments
Single-crystal alloys of 100 axis orientation with nominal composition Cu-14.1Al-4.0Ni wt% (alloy A) and Cu-13.4Al-4.0Ni wt% (alloy M) were obtained from the US Digital Group, St Petersburg, Russia, in 6 mm diameter rod form. In the as-grown condition, alloy M is in the martensite state and alloy A is in the austenite state at room temperature. Prior to the experiments, samples were homogenized for 60 min at 1223 K and for 15 min at 1173 K for alloys A and M, respectively [5, 6, 10, 11] . The alloy A was quenched in a mixture of ice and water, and the alloy M was quenched into water. The post-quench isothermal ageing was carried out in an oil bath at temperatures, T a , of 473, 523 and 573 K for 24 h and after ageing the samples were quenched into water. The transformation characteristic details (transformation temperatures, collectively referred to as T t hereafter) of the samples were evaluated with the aid of differential scanning calorimetry (DSC). The T t of the alloys A and M in the asquenched state is given in table 1, where M s and A s are the martensite start and reverse transformation (austenite) start temperatures, respectively. The A s1 and A s2 correspond to the austenite start temperatures during the first and second heatings of the DSC runs. Specimens weighing less than 15 mg were utilized in an inert atmosphere (N 2 ) with heating/cooling rates of 10 K min −1 for the DSC experiments. The IF (tan δ) and the modulus (E) changes as a function of temperature between 173 and 523 K were measured using a dynamic mechanical analyser (Gabo Eplexor 500N) for specimens with 5 × 3 mm 2 cross section and 42 mm in length in the three-point bending configuration. The loading direction was perpendicular to the 100 direction of the crystal. The phase lag (tan δ) between the sinusoidal applied stress (with a fixed frequency of 1 Hz and strain amplitude of 3 × 10 −4 ) and resulting strain gives directly the damping or IF. A heating/cooling rate of 2 K min −1 was maintained for temperature ramping.
Results
The DSC scans obtained for alloys A and M exhibiting increases in the austenite start and finish temperatures, A s and A f respectively, are shown in figures 1(a) and (b). Table 1 shows the overall T t of the alloys A and M. It is seen that from the as-quenched to the 573 K aged condition, alloy A shows an increase of ∼50 K in A s whereas this is ∼100 K for alloy M. The transformation hysteresis (A f − M s ), with the ageing temperature, remained almost constant for alloy A in contrast to the steady increase for alloy M (table 1) . While DSC scans obtained from alloy A in the as-quenched and 473 K aged conditions exhibit multiple peaks, only a prominent single peak is seen in the sample aged at 573 K ( figure 1(a) ). Scans obtained from alloy M show the opposite behaviour ( figure 1(b) ), i.e., the sample aged at 573 K shows multiple peaks whereas the as-quenched and 473, 523 K aged samples show predominantly single peaks. In addition, the second heating cycle of the DSC scans for alloy M shows a sharp and small transformation regime in contrast to the wide transition regime observed in the first heating. Note also that the transformation temperatures are significantly different in the second heating cycle as compared to those recorded in the first heating cycle. These temperatures are listed in table 1.
The microstructure of the 573 K aged alloy A ( figure 2(a) ) shows the presence of γ 2 precipitates (confirmed with energy dispersive x-ray analysis). The volume fraction of these precipitates was observed to increase with the ageing temperature. In alloy M, though precipitates were not observed, multi-variant, self-accommodating martensite (identified as β 1 [7] ) and relatively thin martensite (identified as γ 1 [7] ), are seen to be present for the 523 K aged sample; figure 2(b).
Typical heating/cooling curves showing the tan δ and E variation with temperature of the as-quenched alloy M are shown in figures 3(a) and (b). In both cases, a peak in tan δ in the phase transition regime and a corresponding trough in E are noted. Similar behaviour was also observed in the case of alloy A. Since the heating and cooling curves are essentially similar, we focus just on the changes in properties while heating hereafter.
Figures 4(a) and (b) show the variation of tan δ and E with temperature, respectively, for alloy A. The temperature at which the IF peaks increases with ageing, which is consistent with the DSC results. Further, the peak value of tan δ decreases, with higher T a . Another interesting feature is that the tan δ curves become more symmetric with ageing, i.e., the IF values of the fully martensitic and fully austenitic states (at temperatures below M f and above A f , respectively) get closer, as shown in figure 5. The differences in peak values of tan δ for the as-quenched (∼0.15) and 573 K aged alloy (∼0.03) is ∼80%, implying that the damping properties of the SMAs can be altered markedly and hence tailored for the required design features of specific applications by recourse to artificial ageing treatments.
Figures 6(a) and (b) show the tan δ and E plots obtained for the as-quenched and aged samples of alloy M, showing trends similar to those seen for alloy A. The exception is that a monotonic increase in tan δ with temperature in the austenitic state, i.e., after the transition regime, is observed. The reduction in the peak value of tan δ from the as-quenched (∼0.16) to the 573 K aged alloy (∼0.06) is ∼60%.
For both the alloys A and M, the E value exhibited a trough in the phase transition regime, demonstrating that the alloy becomes compliant while undergoing the transformation. This is probably because of the presence of a large number of interfaces, which make strain accommodation easier. With ageing, the E values showed subtle changes and the minimum value in the phase transition regime increased. The peak values of tan δ and the lowest values of E are plotted in figure 7 as a function of T a . It is seen that the tan δ peak value decreased linearly with increasing T a for both the alloys M and A. Moreover, the alloy M showed relatively high tan δ values vis-à-vis the alloy A, for all the ageing conditions. 
Discussion
In the literature, the change in the transformation characteristics with ageing is mainly attributed to the γ 2 precipitate formation and successive martensitic transitions (β 1 ⇔ γ 1 ) [7, 8] . The former manifests itself as multiple peaks in the DSC scans (see for example, the 573 K ageing thermograms), where a high density of precipitates restricts the mobility of the interfaces (austenite/martensite) during the transformation interval. Observation of an increase in the transformation hysteresis provides further support for this.
(This is because γ 1 has higher hysteresis than β 1 .) The differences seen in the first and second heating scans are not only consistent with this, but also suggest a possible stabilization of the martensite during the water-quenching treatment that all the specimens are subjected to, after ageing.
The high damping capacity of the thermoelastic martensitic phase in SMAs is due to the hysteretic movement of the austenite/martensite interfaces during phase transformation [1, 2] . The temperature dependence of tan δ for both the alloys A and M, for the as-quenched and aged conditions, reveals the contribution of γ 2 precipitates to the damping properties. As the density of the precipitates increases with ageing temperature the mobility of the interfaces (austenite/martensite and martensite/martensite) is restricted. Hence, a drop in the IF peak during the transformation (figure 7) along with the comparable damping values in martensitic and austenitic conditions, i.e. before and after phase transition regime, result in a symmetric behaviour of tan δ after ageing at 573 K (figure 5). The formation of γ 2 precipitates is due to the coalescence of excess quenched-in vacancies that cause a local concentration gradient, eventually resulting in higher M s [8] . With the increase in M s due to ageing, the martensite becomes slightly stabilized at ambient temperature as observed from the different first and second heating scans. Hence the martensite/matrix interface, martensite/martensite and twin boundary interfaces get pinned with obstacles (vacancies, γ 2 precipitates etc) [6, 12] . The pinning of the interfaces cause mechanical stabilization, as the easy movement of the interfaces is hindered, thereby reducing the damping property [13] [14] [15] .
The observed higher values of tan δ for the alloy M visa-vis alloy A (figure 7) can be attributed to the initially multivariant martensites in the former. This multi-variant nature implies more interfaces and twin boundaries and hence the relative contribution of the IF pt to the total IF is large [16] . However, the reason for the increase in the tan δ values with temperature in the austenitic state, i.e. after the phase transition regime, for alloy M is not clear. The decrease in modulus value in the phase transition region might be due to isotropic softening of the material, which was also observed and explained by Kustov et al [6] .
Conclusions
Ageing in the β-phase of quenched Cu-Al-Ni single crystals has a noticeable influence on the internal friction characteristics of the alloys. A significant decrease in the damping (tan δ) value with ageing of both the martensite and austenite alloy was observed along with modulus minima in the phase transition regime. Stabilization of the martensite by the hindrance of the interface motion due to pinning by the precipitates is the predominant mechanism that causes a decrease in tan δ.
